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Multiple Roles for Notch in Drosophila Myogenesis
Sal Fuerstenberg1 and Edward Giniger2
Fred Hutchinson Cancer Research Center, Basic Science Division, 1100 Fairview Avenue N,
Seattle, Washington 98109
Notch plays a role in many cell fate decisions in the developing Drosophila embryo, often at successive stages during the
formation of a single tissue. In the embryonic mesoderm, Notch is involved in the process by which muscle progenitors are
selected from a field of equivalent myoblasts. We have investigated the roles of Notch in somatic myogenesis and show that
Notch can affect at least two additional steps in muscle development. Subsequent to the initial specification of progenitors,
myoblast identity remains sensitive to mesodermal Notch activity until the time of fusion. Additionally, Notch is capable
of suppressing muscle development nonautonomously by regulating a signal that emanates from the ectoderm.
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INTRODUCTION
The regular array of body wall muscles of the Drosophila
larva arises as a consequence of intrinsic and inductive
patterning events which fashion the mesoderm during
embryogenesis (Bate, 1990; Bate and Rushton, 1993; Greig
and Akam, 1993; Michelson, 1994; Volk and VijayRagha-
van, 1994; Staehling-Hampton et al., 1994; Baylies et al.,
1995; Rushton et al., 1995; Baker and Schubiger, 1995;
Ranganayakulu et al., 1996). A model for the genesis of
pattern in the somatic mesoderm has been proposed by Bate
(1990) wherein muscle founder cells arising in the mesoder-
mal anlagen prefigure the mature array of larval muscles.
Through fusion with surrounding myoblasts, each founder
cell confers specific identity (size, position, orientation,
innervation) to the developing muscle (Bate, 1990; Dohr-
mann et al., 1990; Bate et al., 1993; Rushton et al., 1995.
The process of muscle specification in the embryonic
mesoderm is somewhat analogous to the process by which
neuronal identities are specified (Bate, 1990; Campos-
Ortega, 1993). Single muscle ‘‘progenitors’’ are selected
from a field of apparently equivalent myoblasts, similar to
the segregation of neuroblasts from ectodermal proneural
clusters. Each mesodermal progenitor then divides to pro-
duce daughter cells which are the ‘‘founder cells’’ of specific
larval muscles or progenitors of adult muscles (Carmena et
al., 1995; Ruiz Go´mez and Bate, 1997). The apparent simi-
larity to neurogenesis reflects a mechanistic homology:
Corbin et al. (1991) and Bate et al. (1993) have demonstrated
that a loss of function of any of the neurogenic genes,
including Notch and Delta, results in hyperplasia of the
founder cell markers Kru¨ppel (Kr), nautilus (nau), vestigial
(vg), and S59 in the mesoderm of neurogenic embryos, as
well as a failure to repress proneural genes in the mesoderm
(lethal of scute, Carmena et al., 1995; Ruiz Go´mez and
Bate., 1997).
The Notch loss-of-function phenotype demonstrates that
Notch is involved in the initial specification of muscle
progenitor cells from the embryonic mesoderm. Whether
Notch plays a later role in myogenesis remains an open
question. Additionally, whether Notch function is required
in the mesoderm itself is obscured by the complexity of the
neurogenic phenotype. Mutants lack a discernible epider-
mis which might otherwise provide inductive cues that
participate in the specification of muscle progenitor cells
and muscle differentiation. Indeed, in neurogenic embryos,
only those regions of the embryonic mesoderm which lie
beneath residual epidermis support myoblast fusion, and
the late expression of founder markers vg and S59 is lost
from the mesoderm outside of this territory (Bate et al.,
1993). Experiments of Baker and Schubiger (1996) show that
the expression of a Notch transgene in the mesoderm of
neurogenic (N2) embryos is capable of rescuing muscle
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differentiation, but only partially. Taken together, these
results leave open the possibility that a tissue-nonauto-
nomous Notch-dependent effect from the ectoderm, as well
as Notch signaling in the mesoderm, may contribute to
somatic myogenesis.
By altering Notch signaling at different times and in
different tissues, we show that Notch regulates three dis-
tinguishable processes in embryonic myogenesis. We con-
firm that Notch autonomously controls the initial segrega-
tion of muscle progenitors from among competent
myoblasts (Corbin et al., 1991; Bate et al., 1993). We
additionally identify a phase when founder cell identity
remains sensitive to Notch activity until myoblast fusion,
and finally demonstrate that Notch can suppress muscle
development by regulating a nonautonomous signal from
the ectoderm.
MATERIALS AND METHODS
Drosophila Strains
The GAL4 lines 69B and 24B have been described and were
kindly provided by A. Brand (Brand and Perrimon, 1993). Detailed
analyses of the expression pattern of 69B have been conducted by
Staehling-Hampton et al. (1994), Castelli-Gair et al. (1994), and
Baylies et al. (1995). A further description of the 24B expression
pattern has been carried out by Michelson (1994). The twist-GAL4
line was provided by G. Schubiger and is described in Baker and
Schubiger (1996). Flies bearing the temperature sensitive Notch
allele, l(1)Nts1 (referred to here as Notchts1) were provided by the
Bloomington Stock center.
Constructs for Germline Transformation
1. Construction and isolation of GAL4 enhancer trap 112A.
The GAL4 enhancer trap vector is based on plasmid PlacW (Bier et al.,
1989). The complete GAL4 coding sequence was subcloned into the
HindIII site of pBluescript (SK1) (Stratagene), excised with NotI and
KpnI and ligated into the NotI and KpnI sites of vector pEG117
(Giniger et al., 1993b) to generate pGAL4-TRAP (pEG198). This GAL4
enhancer trap construct was introduced into white2 flies by
P-element-mediated transformation and independent insertion lines
were established. The GAL4 activity pattern of these lines was
determined by crosses to flies bearing a UAS-lacZ transgene. GAL4-
112A expresses lacZ exclusively in the embryonic ectoderm from
stages 9–16. (S.F., E.G., and Y.N. Jan, unpublished observations).
2. Construction and characterization of UAS-NotchDE. A con-
stitutively activated, ligand-independent derivative of Notch was
constructed. A signal sequence and signal cleavage site from the
Drosophila gene Delta (from cDNA 3.2, nucleotides 116–206;
Va¨ssin et al., 1987) was amplified by PCR and ligated into the filled
XbaI and HindIII sites of pBluescript (SK1). This fragment includes
the translation start and first 27 amino acids of Delta. Cleavage of
the Delta signal peptide is predicted to occur after Ser 22, Ser 23, or
Gly 24 (von Heijne et al., 1986), leaving 3–5 amino acids of Delta
fused to whatever coding sequence follows. A Notch cDNA clone
from the Kauvar E7 library was used as template to amplify the
transmembrane and intracellular domains of Notch, from nt 5965
(Asn 1742, 4 amino acids before the start of the predicted trans-
membrane domain) to the end of the protein coding sequence. The
Notch PCR product was ligated into the Asp718 and filled HindIII
site of pEG197 downstream of the Delta signal sequence. NotchDE
was an isolate that contained a frameshift mutation causing
premature termination after amino acid 2235, appending four
amino acids to the C-terminus (TSAAASKRPPT). NotchDE retains
the RAM23 region, the ankyrin repeats and putative nuclear
localization signals, but has lost the PEST/opa repeats and carboxy
terminal amino acids; a recent analysis of Notch mutations from
Brennan et al. (1997) suggests that the deleted region is not required
for Notch function during lateral inhibition. Finally, the 3-kb
restriction fragment encoding the Delta signal peptide with the
Notch transmembrane and intracellular domains was excised with
NotI and KpnI, and subcloned into pUAS-T (Brand and Perrimon,
1993), to generate the GAL4-dependent NotchDE expression vector,
pEG202. Germline transformation into the white2 Oregon R strain
was performed as described by Spradling and Rubin (1982) and
independent P-element insertion lines were established. In a vari-
ety of assays, expression of NotchDE gives rise to phenotypes that
are opposite to Notch loss-of-function phenotypes (Guo et al., 1996;
Baker and Schubiger, 1996; Doherty et al., 1996), and provide a
reduced level of Notch activity compared to derivatives which lack
the transmembrane domain (Larkin et al., 1996).
Temperature Shifts of Notchts1 Embryos
To disrupt the initial segregation of progenitor cells, embryos
from Notchts1 flies were collected for 4 h, aged for 3 h at 18°C (to
stages 8–9), transferred to a moist chamber, and shifted to 32° for
3.8 h (to examine S59 expression at stages 11–12), or aged for an
additional 14 h at 18°C (to examine the mature muscle pattern at
stage 15) and fixed for immunohistochemistry. To assay effects
subsequent to progenitor segregation, embryos from Notchts1 flies
were collected for 4 h and aged for 7 h at 18°C (to stages 10–11),
embryos were then transferred to a moist chamber and shifted to
32°C for 1.9 h (to examine S59 expression at stages 11–12), or
shifted to 32°C for 3.8 h (to examine S59 expression at stages
13–14), or for 3.8 h and incubated for an additional 10 h at 18°C (to
examine the mature muscle pattern at stage 15) and fixed for
immunohistochemistry. This timing was optimized to minimize
perturbation of embryo morphology and to account for the substan-
tial lag between the time of the temperature shift and the time
when the activity of the Notchts1 protein decays sufficiently to
produce a phenotypic effect. (Hartenstein and Posakony, 1990;
Giniger et al., 1993a).
Immunohistochemistry
Eggs laid on grape juice agar plates were allowed to develop at 18
or 25°C. Embryos were fixed for 20 min in heptane and 4%
formaldehyde in 0.1 M phosphate buffer, pH 7.2, and devitellinized
in 1:1 heptane and methanol. Embryos were blocked in PBT (0.1 M
phosphate buffer, pH 7.2, 0.3% Triton X-100) plus 2% normal goat
serum and 2% BSA (for DMef2, 10% BSA) for 1–2 h at room
temperature, and incubated with antibodies overnight at 4°C.
Primary antibodies were preabsorbed if recommended. The fol-
lowing antibodies were generously provided to us and used at
recommended dilutions: anti-groovin (T. Volk) at 1:3, anti-S59 (M.
Bate) at 1:200, anti-FasIII (7G10, C. Goodman) at 1:10, anti-DMef2
(H. Nguyen) at 1:750, anti-vestigial (G. Schubiger) at 1:200, MAb
22C10 (S. Benzer) at 1:50, and anti-muscle myosin (D. Kiehart) at
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1:400. The appropriate secondary antibodies were preabsorbed and
used at 1:1500 (horseradish peroxidase conjugates, Jackson Labs).
Histochemical staining was performed using diaminobenzidine
and H2O2. Embryos were mounted in glycerol or were dehydrated
and mounted in Permount (Fisher) or JB-4 embedding medium
(Polysciences, Inc.) and photographed using Nomarski optics on a
Nikon Optiphot-2 microscope. Images were scanned and prepared
using Adobe Photoshop 3.0.
RESULTS
A Time Course of Drosophila Myogenesis
The embryonic mesoderm in Drosophila is specified
during the late cellular blastoderm stage (stage 5, 3 h after
egg laying,AEL) by high levels of the Dorsal morphogen in
the nuclei of the ventral cells of the blastoderm, activating
the expression of twist in the presumptive mesoderm
(Thisse et al., 1987). After gastrulation, muscle ‘‘progeni-
tor’’ cells are specified in the twist-positive mesodermal
layer, and become apparent during a period from stages 11
to 12, both morphologically and by the expression of
molecular markers such as Kr, vg, and S59 (Bate 1990, 1993;
Dohrmann et al., 1990; Abmayr et al., 1995; Rushton et al.,
1995). Each progenitor cell divides to give rise to particular
muscle founder cells or the progenitor of an adult muscle.
In the case examined, one daughter of the progenitor cell
division maintains expression of a particular ‘‘founder
marker,’’ while expression is extinguished in the other
daughter (S59, Carmena et al., 1995). Each founder cell
fuses with surrounding unspecified myoblasts during stages
13 and 14 to create a specific syncitial muscle fiber (Bate,
1993; Bate and Rushton, 1993; Abmayr et al., 1995).
Notch Activity Is Required during Somatic
Myogenesis to Suppress the Founder Cell Fate
Muscle progenitors are specified from among competent
myoblasts by the action of Notch (Corbin et al., 1991; Bate
et al., 1993; Carmena et al., 1995); we wondered if Notch
activity was also required subsequent to progenitor segre-
gation for other aspects of muscle development. We have
addressed this question by examining embryos bearing the
Notchts1 mutation, shifted to restrictive temperature at
various times during embryonic development.
As has also been shown by Corbin et al. (1991), we find
that shifts of Notchts1 embryos to the restrictive tempera-
ture early in embryogenesis (see Materials and Methods)
causes hyperplasia of progenitor cells from the time they
are first detectable in the embryonic mesoderm (assayed by
the expression of S59, not shown). In contrast, we find that
later shifts to the nonpermissive temperature have no effect
on the initial appearance of single S59-positive cells at
stages 11 and 12 (Fig. 1B, wild type in A), but nonetheless
disrupt the mature muscle pattern (Fig. 1D, wild type in C).
Examination of these embryos at stages 13 and 14 reveals an
increase in the number of S59-positive cells in the meso-
derm in 29% of the embryos shifted (n 5 71, Figs. 1F and
1H, wild type in 1E and 1G). These data suggest that Notch
is required to maintain the wild type pattern of S59 expres-
sion subsequent to its requirement in the initial segregation
of progenitor cells.
A Second Phase of Muscle Founder Specification
The temperature shift experiment described above sug-
gests that there may be a second requirement for Notch in
the process of muscle development. However, in this ex-
periment, it was necessary to minimize the duration of the
temperature shift in order to minimize the overall disrup-
tion of embryo morphology caused by loss of Notch func-
tion (particularly in the ventral neuroectoderm), and conse-
quently the muscle phenotype is only partially penetrant.
Moreover, we are unable distinguish whether the effect of
Notch on S59 expression reflects an activity of Notch in the
mesoderm, or an indirect consequence of its role in other
tissues. We therefore turned to an alternative, more con-
trolled approach to perturbing Notch signaling.
Expression of activated Notch derivatives in a wide
variety of tissues results in phenotypes that are opposite to
Notch loss-of-function phenotypes (Fortini et al., 1993;
Lieber et al., 1993; Rebay et al., 1993; Struhl, 1993; Kopan et
al., 1994; Jarriault et al. 1994; Larkin et al., 1996), including
the suppression of muscle founder cell identity during
mesoderm development (Baker and Schubiger, 1996). We
therefore took advantage of an activated variant of Notch,
NotchDE, to dissect later roles of Notch in the mesoderm.
NotchDE lacks extracellular sequences, but retains the
transmembrane domain, and thus represents a ligand inde-
pendent, constitutively active version of Notch, but one
considerably less potent than other activated Notch vari-
ants, such as Notchintra (Struhl, 1993; Larkin et al., 1996). In
other developmental contexts, such as neurogenesis, a
proportion of cells in a lineage are found to escape the
initial suppressive effects of NotchDE and are therefore
available to assay for later effects of Notch (S.F. and E.G.,
unpublished observations). We asked whether appropriate
expression of NotchDE using the GAL4/UAS expression
system (Fischer et al., 1988; Brand and Perrimon, 1993)
would allow the initial segregation of muscle progenitors to
occur in embryonic mesoderm, permitting us to monitor
later effects of activated Notch on muscle development.
Using the pan-mesodermal twist-GAL4 (or 24BGAL4, not
shown) driver to express NotchDE in the mesoderm, we find
that S59-expressing and vg-expressing progenitor cells are
not specified in 40 and 50% respectively, of embryos
examined (n 5 132 and 32), which verifies that NotchDE
acts as an activated Notch protein (data not shown). The
remaining embryos appear to largely escape the effect of
NotchDE on progenitor segregation: the initial expression of
S59 and vg appears completely wild type or almost wild
type at stages 11 and 12 (Fig. 2D and 2H, wild type in 2C and
2G). However, we rarely detect syncitial muscle fibers in
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FIG. 1. Notch function is required for normal mesodermal development after progenitor cells are specified. (A) At stage 11, in Notchts1
embryos incubated at 18°C, the wild-type expression of the progenitor/founder marker S59 in several cells per hemisegment is revealed by
anti-S59 antibody; arrows point to single cells in two adjacent hemisegments (in A and B, four hemisegments are shown; larger S59-positive
clusters are also present, but out of the plane of focus). (B) In Notchts1 embryos shifted to 32°C to disrupt Notch activity after progenitor
cells are specified, the early pattern of S59 immunoreactivity is normal (see Materials and Methods for details of temperature-shift
protocols). (C) In Notchts1 embryos incubated at the permissive temperature of 18°C, anti-myosin antibody reveals a wild-type mature
muscle pattern at stage 15; but (D) when Notchts1 embryos are transiently shifted to the nonpermissive temperature of 32°C (as in B, above),
and then grown out at permissive temperature to stage 15, muscle patterning is severely disrupted. While myoblast fusion is underway in
stage 14, the S59 expression pattern of both (E) dorsal and (G) ventral myoblast clusters is normal in Notchts1 embryos incubated at 18°C;
however, they are greatly expanded in both (F) dorsal and (H) ventral clusters in 29% of Notchts1 embryos transiently incubated at the
nonpermissive temperature of 32°C (shifted as for the experiment of D; two hemisegments are shown in E and F; one hemisegment in G
and H). In all figures, lateral views are shown, anterior is to the left and dorsal is up.
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FIG. 2. NotchDE expression in the embryonic mesoderm completely disrupts muscle development, though progenitor cells are initially
specified normally. (A) The regular pattern of mature muscles in the mesoderm of a wild-type stage 15 embryo is revealed by anti-muscle
myosin; (B) while at the same stage, twist-GAL4;UAS-NotchDE embryos display a field of unfused myosin-positive myoblasts. Many of
these myoblasts are out of the plane of focus, having fallen into the interior of the embryo by this stage. (C) Wild-type embryos at late stage
11 have two to four S59-positive mesodermal cells per hemisegment revealed by anti-S59 immunohistochemistry; (D) in 60% of
twist-GAL4;UAS-NotchDE embryos, a normal complement of S59-positive cells are present in the mesoderm at this stage. (E) The wild-type
expression pattern of S59 (in brackets) is (F) completely lost in 95% of twist-GAL4;UAS-NotchDE embryos by the onset of myoblast fusion
(late stage 13). (G) In wild-type embryos at early stage 12, vg expression, detected with anti-vg antibody, is present in the mesoderm beneath
the cells of the developing CNS, some of which are also vg-positive. Detail of abdominal hemisegments shows four vg-positive mesodermal
clusters (arrows). The portion of the embryo which is shown at high magnification is indicated by the boxed region in the inset (H) In 50%
of twist-GAL4;UAS-NotchDE embryos, mesodermal vg expression is partially or completely suppressed. In this example, two of the four
abdominal hemisegments shown continue to express vg (arrows). (I) The expression of vg persists in wild-type embryos in this ventral
cluster of myoblasts as muscle fusion begins in late stage 13 (brackets); but (J) vg immunoreactivity is lost from the mesoderm in 95% of
twist-GAL4;UAS-NotchDE embryos by this time. Arrowheads indicate the embryonic CNS in F and J.
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any embryos at stage 15, notably in the ventral and lateral
regions where these founders are expected to contribute to
discrete muscles (Fig. 2B, wild type in 2A). The discrepancy
between the normal pattern of progenitor markers in about
half of the embryos examined and the defective final
muscle pattern of all NotchDE embryos further supports the
idea that Notch must also affect a later step in somatic
myogenesis.
In contrast to the wild type early pattern of S59 and vg
expression in half of NotchDE embryos, we found that both
S59 and vg immunoreactivity were lost from the mesoderm
of more than 90% of NotchDE embryos (n 5 80) by early
stage 13, a time when the first myoblast fusions are taking
place in wild type embryos (Figs. 2F and 2J, wild type in 2E
and 2I). Therefore, in both sets of founder cells examined,
NotchDE ultimately suppresses the expression of pro-
genitor/founder markers before myoblast fusion would nor-
mally occur. Taken together with previous work, our data
suggest that activated Notch antagonizes two important
steps in the establishment of founder cell fate: the initial
segregation of muscle progenitors from the pool of compe-
tent myoblasts (this work; Baker and Schubiger, 1996); and
a later phase, where the expression of progenitor/founder
markers remains vulnerable to Notch activity until the
time of myoblast fusion.
Activated Notch in the Ectoderm Also Disrupts
Muscle Patterning
It has been proposed that some of the muscle defects
observed in N2 embryos are secondary to ectodermal de-
fects (Bate et al., 1993; Baker and Schubiger, 1995). It is
possible that the nonautonomous effects of Notch arise
simply from the failure of the mesoderm to form in appo-
sition to the ectoderm (Bieman et al., 1996; Gisselbrecht et
al., 1996). Experiments to date, however, do not exclude the
possibility that Notch signaling within the ectoderm might
also play a specific, inductive role in regulating myogenesis.
We therefore expressed the activated Notch variant,
NotchDE, in the ectoderm to investigate the effect on
muscle development produced by manipulation of ectoder-
mal Notch signaling. If the nonautonomous effect of a
Notch loss-of-function mutation is simply a consequence of
the lack of an epidermis, the expression of activated Notch
in the ectoderm would not be predicted to have an effect on
muscle differentiation as long as ectodermal development
is reasonably normal. However, if ectodermal Notch signal-
ing plays a nonautonomous but instructive role in meso-
dermal development, the expression of activated Notch in
the ectoderm might have a profound effect on muscle
development. Since NotchDE has no extracellular domain,
any effect on neighboring cells or tissues would necessarily
be mediated via cytoplasmic signal transduction occurring
within ectodermal cells.
We used the GAL4-112A and 69BGAL4 (not shown)
enhancer traps to drive the expression of UAS-NotchDE
exclusively in the ectoderm of wild-type embryos from
stage 9 onward. Remarkably, expression of NotchDE in the
ectoderm causes a striking disruption of muscle patterning,
even though ectodermal integrity is apparently unaffected
(see below). Staining with anti-muscle myosin antibody
reveals many unfused myoblasts in the mesoderm of GAL4-
112A;UAS-NotchDE embryos (Fig. 3B); and though some
identifiable muscles are present, muscle fibers are often
inappropriately positioned or formed (thinned). There is
some duplication or loss of identifiable muscles in most
hemisegments; and some fused syncitia are rounded and
unattached to the epidermis. At this same stage (stage 15),
muscle fusion is complete in wild-type embryos (Fig. 3A).
These results demonstrate that the expression of NotchDE
in the epidermis has a tissue-nonautonomous effect on
patterning in somatic myogenesis.
Epidermal Integrity Is Intact in NotchDE Embryos
The disruption of myogenesis in GAL4-112A;UAS-NotchDE
embryos could plausibly reflect a perturbation of the epider-
mis, preventing it from providing positional or instructive
cues to the differentiating mesoderm (Bate, 1990; Shishido et
al., 1993; Michelson, 1994; Volk and VijayRaghavan, 1994;
Baylies et al., 1995; Frommer et al., 1996; Ranganayakulu et
al., 1996). We therefore examined the integrity of the epider-
mis in embryos expressing activated Notch in the ectoderm
using several epidermal markers.
Figure 3 shows that overall epithelial morphology appears
normal in GAL4-112A;UAS-NotchDE embryos: they have a
normal pattern of membrane-associated FasIII expression
(Fig. 3F, wild type in 3E); they also have a normal Engrailed
pattern and elaborate a normal cuticle (not shown). We
specifically examined embryos for the presence of segment
border cells, which are necessary for proper guidance and
attachment of myotubes to the epidermis (Volk and Vijay-
Raghavan, 1994; Frommer et al., 1996). An anti-Groovin
antibody was used to confirm the presence and organization
of segment border cells in the epidermis of GAL4-112A;
UAS-NotchDE embryos (Fig. 3H, wild type in 3G). As
expected, fewer neurons are detected in GAL4-112A;UAS-
NotchDE embryos by MAb 22C10 staining (Fig 3J, wild type
in 3I), due to suppression of neurogenesis; accordingly,
some CNS expression of S59 and vg is lost (Figs. 4C and 4D;
Larkin et al., 1996). We obtain similar results when we use
the 69BGAL4 enhancer trap to express activated Notch,
though there is a more notable disruption of the CNS, and
some loss of uniformity in segmentation (not shown).
Aside from the expected antineurogenic effect, we have
found no evidence of a significant disruption of epidermal
integrity that might account for the profound effect of
ectodermally expressed NotchDE on mesodermal pat-
terning.
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FIG. 3. The expression of activated Notch in the ectoderm disrupts muscle development without disturbing epidermal integrity. (A) The
wild-type expression pattern of myosin-positive muscle fibers at stage 15 is (B) disrupted in GAL4-112A;UAS-NotchDE embryos. (C) The
normal expression pattern of nuclear DMef2 protein in all somatic myoblasts is shown in a wild-type embryo at stage 13, using anti-DMef2
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NotchDE Expression in the Ectoderm Affects
Progenitor Cell Specification and Development
Several models could account for the nonautonomous
disruption of myogenesis by ectodermal activated Notch.
The entire myogenic program may be blocked, the segrega-
tion of progenitors and their evolution into founder cells
might be affected, or the terminal differentiation of muscles
may be inhibited. We first tested whether the disruption of
the mesoderm was the result of inhibition of the entire
myogenic program.
The expression pattern of the early myogenic transcrip-
tion factor DMef2 appears normal when NotchDE is
expressed in the ectoderm of wild-type embryos (Fig. 3D;
wild type in 3C). This indicates that the effect on the
mesoderm induced by NotchDE expression in the ecto-
derm is not due to an inhibition of the early stages of
myogenesis.
We next tested the possibility that muscle progenitor
cells are not specified or founders not maintained in the
mesoderm of embryos which express activated Notch in the
ectoderm. Figure 4 shows that indeed, the early expression
of vg is suppressed in all hemisegments in over 60% of
these embryos (Fig. 4A, early stage 12, wild type in Fig. 2G).
In contrast, the initial muscle progenitor expression of S59
is normal in GAL4-112A;UAS-NotchDE embryos (90%, n 5
40; Fig. 4C; stage 11; compare to wild type in Fig. 2C).
However, by stage 13, when individual muscle founders
should be detectable in the mesoderm, the expression of
both S59 and vg have been lost completely (Figs. 4C and 4D;
compare to wild type in Fig. 2D and 2I). This result suggests
that, like NotchDE expression in the mesoderm, activated
Notch expression in the ectoderm can influence both the
specification of muscle progenitors as well as a later step in
the establishment of specific founder cell identity. It re-
mains possible that Notch can also influence the terminal
differentiation of myoblasts/myotubes, but this cannot be
FIG. 4. Expression of activated Notch in the ectoderm can suppress both the specification and evolution of progenitor/founder cell
identity. (A) Early vg expression, revealed by anti-vg immunohistochemistry at stage 12 is completely suppressed in over 60% of embryos
that express NotchDE in the ectoderm (compare the boxed area to wild type in Fig. 2G) while the remaining 40% appear wild type. (B) In
contrast, the early expression of S59, revealed by anti-S59 antibody at stage 11 appears wild type in 90% of GAL4-112A;UAS-NotchDE
embryos (compare to wild type in Fig. 2C). (C) By the time myoblast fusion begins in stage 13, vg expression is absent from the mesoderm
of essentially all GAL4-11A2;UAS-NotchDE embryos (area in brackets; compare to wild type in Fig. 2I); (E) and the expression of S59 is lost
from the lateral mesoderm in GAL4-112A;UAS-NotchDE embryos (in brackets, compare to wild type in Fig. 2E). The CNS expression of both
S59 and vg is absent in GAL4-112A;UAS-NotchDE embryos.
antibody; four abdominal hemisegments are shown. (D) The expression of DMef2 appears wild type in stage 13 GAL4-112A;UAS-NotchDE
embryos, indicating that the normal complement of myoblasts is present, although the dorsal array of DMef2-positive heart precursors is
reduced or absent (arrowheads in C and D). (E) Wild-type epidermal cell morphology, assayed by membrane-associated FasIII expression at
stages 14–15 (anti-FasIII antibody) is (F) unaffected in GAL4-112A;UAS-NotchDE embryos (four abdominal hemisegments are shown). (G)
The striped pattern of ectodermal segment border cells (SBCs, arrows) at stage 15 in wild-type embryos is shown using anti-groovin
antibody. (H) SBCs are specified normally from the ectoderm of GAL4-112A;UAS-NotchDE embryos. (I) The wild-type pattern of sensory
neurons is revealed by monoclonal antibody 22C10 at stage 15. (J) The expression of NotchDE in the embryonic ectoderm produces a mild
anti-neurogenic phenotype as expected. However, residual peripheral neurons show a normal clustered organization, with the interseg-
mental and segmental nerves visible (arrows).
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addressed given the complete suppression of founder iden-
tity in these experiments.
DISCUSSION
Our experiments reveal that several distinguishable steps
of somatic myogenesis can be regulated by Notch. It is
known that Notch activity can autonomously suppress the
initial specification of muscle progenitor cells in the em-
bryonic mesoderm (Corbin et al., 1991; Bate et al., 1993).
We now show that Notch also controls the evolution and
maintenance of founder cell identity until the time muscle
syncitia are formed. In addition, ectodermal expression of
NotchDE reveals the existence of a nonautonomous signal
emanating from the ectoderm capable of influencing the
specification and maintenance of muscle identity and con-
sequently myoblast fusion.
Notch Activity Is Required throughout
Mesodermal Development
Notch activity is required to repress the segregation of
excess muscle progenitor cells from among competent
myoblasts early in the differentiation of the somatic meso-
derm (Corbin et al., 1991; Hartenstein et al., 1992; Bate et
al., 1993). Our data extend these observations by showing
that loss of Notch function can also expand the number of
S59-positive muscle founder cells subsequent to progenitor
segregation, suggesting a second role for Notch in somatic
myogenesis. This idea is supported by the analysis of
embryos that express activated Notch in the mesoderm.
Use of a modestly active Notch variant, NotchDE, permits
about 50% of embryos to escape the initial suppression of
S59 or vg expression, but expression of these markers is
subsequently extinguished later in development. In the
mesoderm, Notch appears to be required until the process of
fusion is complete, a period ranging from stages 11 to 14 (9
to 13 h AEL).
Notch, numb, and the Evolution of Myogenic
Lineages
Two models might explain why Notch is required au-
tonomously in the mesoderm for the maintenance of
progenitor/founder marker expression subsequent to pro-
genitor segregation. It could be that the decision of myo-
blasts to become muscle progenitors or to remain as un-
specified fusible myoblasts remains plastic until fusion
actually occurs at embryonic stages 13 and 14. Alterna-
tively, perhaps other Notch-dependent developmental deci-
sions are made during the maturation of muscle progenitor
cells into founder cells. Considering the almost complete
inhibition of muscle development we observe in twist-
GAL4;UAS-NotchDE embryos, it seems that all muscle
lineages employ Notch for a later step in their development.
It has recently been shown that the elaboration of some
myogenic lineages requires the action of numb (Ruiz Go´-
mez and Bate, 1997; Carmena et al., 1998). Loss or gain of
numb function causes the duplication or loss of particular
larval muscles or adult muscle progenitors due to switches
in the fates of sibling founder cells. Ruiz Go´mez and Bate
(1997) have shown that manipulation of Notch activity can
phenocopy the effects of numb on one Kr-positive group of
dorsal muscles. They therefore speculate that, for this
cluster of muscles, one function of numb may be to
selectively limit Notch activity, much as it does in neuro-
nal development.
It seems likely that at least some of the function we
observe for Notch elsewhere in the developing musculature
reflects a role in numb-dependent lineage decisions analo-
gous to the one proposed by Ruiz Go´mez and Bate. We note,
however, that the numb mutant phenotype is restricted to
a relatively limited group of muscles, whereas expression of
activated Notch repatterns the entire somatic mesoderm.
This suggests the existence, additionally, of Notch-
dependent, numb-independent events in some myogenic
lineages, perhaps including prolonged plasticity of the
progenitor/fusible myoblast decision.
Notch Activity in Ectoderm Represses Muscle
Development by Modulating a Signal to the
Mesoderm
We have shown that, surprisingly, the expression of
activated Notch protein in the epidermis has severe conse-
quences on the differentiation of the somatic mesoderm.
Three explanations are possible for the effects of ectoder-
mally expressed NotchDE: there could be leaky expression of
NotchDE in the mesoderm, NotchDE could disrupt epithelial
development, or NotchDE could modulate a signal that
emanates from the ectoderm to impinge on some aspect of
muscle development. We cannot rule out the possibility
that very low levels of NotchDE are expressed in the meso-
derm, but we see similar results using two independent
enhancer traps to drive ectodermal Notch expression, and
we and others have confirmed the exclusively ectodermal
expression pattern of both (Staehling-Hampton et al., 1994;
Castelli-Gair et al., 1994; Baylies et al., 1995). We have also
shown that expression of NotchDE in the ectoderm does not
disrupt the integrity of the epidermis in general: GAL4-
112A;UAS-NotchDE embryos elaborate a normal cuticle;
they have a normal pattern of engrailed and FasIII staining;
and segment border cells are present.
We suggest, therefore, that the nonautonomous effect of
Notch on mesodermal development does not simply reflect
a mechanical requirement for the mesoderm to develop in
apposition to ectoderm (Bate et al., 1993; Baker and Schu-
biger, 1995). Rather, our data demonstrate that activation of
Notch signaling in the ectoderm inhibits an inductive
signaling pathway that is necessary for the maintenance of
founder cell identity in the mesoderm, or alternatively,
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Notch may activate a signal which blocks mesodermal
development by repressing founder cell identity. While it is
possible the effect we see of NotchDE in the ectoderm is
neomorphic, given the many cases where activated Notch
has been shown to give a faithful readout of Notch function
(Fortini et al., 1993; Lieber et al., 1993; Rebay et al., 1993;
Struhl, 1993; Kopan et al., 1994; Jarriault et al., 1994; Baker
and Schubiger, 1995; Larkin et al., 1996), it seems more
probable that Notch signaling in the ectoderm is part of a
mechanism by which the ectoderm controls muscle differ-
entiation. The finding that Notch activity in an adjacent
germ layer can regulate muscle identity underscores the
need for caution in interpreting the muscle phenotypes of
Notch mutants (Bate et al., 1993; Ruiz Go´mez and Bate,
1997): multiple, independent mechanisms apparently are at
work simultaneously.
What signaling cascade could NotchDE be perturbing?
NotchDE lacks any extracellular sequences that could inter-
act directly with developing mesodermal cells. Moreover,
while two pathways are known to communicate between
the mesoderm and ectoderm, neither appears to be a strong
candidate to mediate the effect of NotchDE. The Wingless
(Wg) pathway is known to be involved in muscle founder
specification (Volk and VijayRaghavan, 1995; Baylies et al.,
1995; Ranganayakulu et al., 1996), but the temperature-
sensitive period (2.5–4.5 h AEL; Ranganayakulu et al., 1996)
for its requirement significantly precedes the time when
the 112A or 69B enhancers are active (4.5 h AEL and
beyond). Alternatively, heartless, an FGF receptor homo-
logue, is expressed in the mesoderm throughout develop-
ment, but htl mutations which disrupt somatic myogenesis
(Shishido et al., 1993) appear to affect the directed migra-
tion of mesodermal cells rather than muscle development
per se (Beiman et al., 1996; Gisselbrecht et al., 1996).
NotchDE expression in the ectoderm does not induce a htl
phenotype: the migration of mesodermal cells is unaffected,
somatic DMef2 expression is unperturbed, and there is no
dorso-ventral gradient of muscle defects. On the other hand,
the severity of the htl phenotype makes it difficult to rule
out the possibility that htl might play a second, later role in
muscle development. Therefore, while it remains possible
that activated Notch impinges on a previously uncharacter-
ized requirement for Wg- or FGF-dependent signaling to the
mesoderm, it seems most likely that Notch regulates an
ectodermal signal which remains to be discovered.
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